Background: Next-generation sequencing provides a powerful means of molecular characterization. However, methods such as single-nucleotide polymorphism detection or whole-chromosome sequence analysis are computationally expensive, prone to errors, and are still less accessible than traditional typing methods. Here, we present the Listeria monocytogenes core-genome sequence typing method for molecular characterization. This method uses a high-confidence core (HCC) genome, calculated to ensure accurate identification of orthologs. We also developed an evolutionarily relevant nomenclature based upon phylogenetic analysis of HCC genomes. Finally, we created a pipeline (LmCGST; https://sourceforge.net/projects/lmcgst/files/) that takes in raw next-generation sequencing reads, calculates a subject HCC profile, compares it to an expandable database, assigns a sequence type, and performs a phylogenetic analysis.
Background
Listeria monocytogenes is a facultatively anaerobic, Grampositive bacterium that occurs naturally in plant, soil, and surface water environments [1] . However, L. monocytogenes may also be isolated from domestic cattle, sheep, goats, and poultry [2] and can make its way into the food supply, causing sporadic and outbreak cases of foodborne listeriosis [3] . Listeriosis is commonly associated with lifethreatening meningitis and septicemia in adults and may lead to miscarriages in pregnant women [4] . Thus, molecular characterization (typing) of L. monocytogenes is important to clinical microbiology and to the epidemiological analysis of listeriosis [5] .
Molecular typing methods such as pulsed-field gel electrophoresis [6] , ribotyping [7] , and multi-locus sequence typing (MLST) [8] have provided greatly improved resolving power relative to previously used phenotypic methods, such as serotyping, phage typing, biotyping, antibiotic susceptibility testing, and bacteriocin typing [9] . Recent advances in DNA sequencing technologies and reduced costs have made high-quality whole-genome sequence (WGS) data readily available [10] . Comprehensive sequencing and analysis of bacterial genomes has been shown to be a valuable tool for epidemiological studies [11, 12] . In particular, WGS data are commonly used to identify nucleotide differences, so-called single-nucleotide polymorphisms (SNPs), between bacterial chromosomes [13] . However, studies have shown that the use of either denovo or reference-guided assemblies for identifying SNP differences between subjects and references can lead to errors that make interpretation difficult [14] [15] [16] . Alternatively, WGS data may be assembled de-novo into chromosome sequence data that can be aligned and phylogenetically analyzed in order to compare them directly. However, we show that this method can generate misleading results, presumably due to differences between sequencing runs and/or the computational challenges of aligning short-read sequence data without a reference. Most importantly, the manner in which these methods are currently used ultimately relies upon the accurate interpretation of phylogenetic trees, a requirement that can make the assignment of discrete groupings (types) difficult and can make these approaches less accessible than the typing methods they are intended to replace.
Whole-genome multi-locus sequence typing (wgMLST) has been shown to be a powerful alternative to SNP or whole-chromosome analyses [17] that is amenable to the assignment of discrete groupings in addition to phylogenetic analysis. In concept, this method is nearly identical to the MLST approach, during which 7 or so loci are studied, with the exception that all the genes in a genome are examined. This scheme takes advantage of the discriminating power of WGS data while providing the basis for the grouping of organisms into sequence types. wgMLST also makes the interpretation of data easier and more accessible. However, the accurate identification of orthologous sequences is computationally expensive and there is no current consensus on how this should be accomplished, making wgMLST methods difficult to standardize and distribute. Researchers have shown that using the loci that comprise an organisms core-genome (cgMLST) provides a powerful means of analyzing WGS data that can be standardized [18, 19] . While cgMLST is an improvement over wgMLST, both methods, like standard MLST, rely upon allele numbering systems that often provide scant information regarding the evolutionary relationships of organisms.
Here, we present a cgMLST-style typing method for the molecular characterization of L. monocytogenes (core-genome sequence typing; CGST) that has several advantages over other proposed methods. In order to ensure that orthologs are properly identified, we calculated a highconfidence core (HCC) of genes that is useful for reliable and efficient large-scale typing. Furthermore, we developed a nomenclature that is based upon nucleotide distances between HCC profiles, providing phylogenetically meaningful groupings. Finally, we wrote a bioinformatic pipeline (LmCGST available at https://sourceforge.net/projects/ lmcgst/files/) that can: i) analyze raw reads, contiguous sequences, or closed chromosome sequences; ii) identify an organism's HCC profile; iii) compare that profile to an expandable database; iv) provide an evolutionarily meaningful sequence type assignment; and v) generate a phylogenetic analysis that illustrates the evolutionary relationship of the subject to the members of the database. In total, the CGST method provides an approach that is highly reproducible, easily standardized, portable, and accessible.
Results and discussion
Calculation of the Listeria monocytogenes core-genome
In order to calculate the pan-and core-genomes of Listeria monocytogenes, we used a semi-automated approach in which protein sequence translations of open reading frames (ORFs) predicted from a set of 29 highquality, phylogenetically diverse chromosome sequences obtained from the National Center for Biotechnology Information (NCBI) were analyzed (Additional file 1, red labels and Additional file 2). A pan-genome is defined as the total pool of ORFs present within the genomes examined (i.e., the union of ORFs) and a core-genome is defined as the subset of ORFs that are present within every genome (i.e., the intersection of ORFs) [20] [21] [22] . Based upon pairwise comparisons with the Basic Local Alignment Search Tool (BLAST) [23] , using a protein sequence similarity cut-off of 60 % and a minimum coverage of 80 % [24] , we determined that the L. monocytogenes panand core-genomes consist of 4766 and 2114 ORFs, respectively (Additional file 3). Our results are consistent with the analysis of 17 L. monocytogenes genomes performed by Kuenne, et al. (Additional file 3, diamond) [24] .
Calculation of a high-confidence core
During the course of calculating the L. monocytogenes pan-and core-genomes, we identified conditions that confound pairwise homology searches, such as loci that retrieve multiple hits (i.e., multi-copy genes), the use of different ORF prediction software, and the presence of low complexity regions within ORFs. Therefore, we further curated the set of 2114 core ORFs as described below in order to develop a robust database, ensuring that all orthologs used for downstream comparisons are properly identified. We found and removed 439 predicted multicopy ORFs. In addition, we annotated the 29 high-quality, closed genome sequences obtained from NCBI with GeneMark [25] , Glimmer [26, 27] , and Prokka v1.10 [28] . We then used these datasets to estimate three different single-copy core-genomes that are composed of 1772, 1438, and 1826 ORFs, respectively. Differences in the numbers of ORFs predicted may occur as programs use a variety of methods to identify start/stop codons and overlapping ORFs [29] . We performed an all versus all bidirectional protein sequence BLAST to identify 1061 ORFs that are shared in all four datasets. Then, we performed an all versus all bidirectional nucleotide BLAST with 114 taxa in order to identify ORFs that fail to generate hits (likely due to the presence of low complexity regions) or generate ambiguous results. Any ORF that did not generate hits to all other taxa when used as a query were removed from the analysis. This resulted in the removal of an additional 48 ORFs. In total, 1013 ORFs were identified (Additional file 4) that are reliable targets of nucleotide and protein sequence BLAST searches and, so, comprise hour high-confidence core (HCC) of predicted genes.
In order to characterize the HCC, we assigned Clusters of Orthologous Groups (COGs) categories to the full set of strain 08-5578 protein sequences [GenBank: NC_013766] and compared it to the suite of predicted proteins in the HCC (Additional file 5). The distributions of both the fullset of proteins and the HCC-set within COGs categories are similar. This result indicates that the HCC provides a good approximation of the diversity of functions present in the full complement of L. monocytogenes genes. We also mapped the strain 08-5578 HCC genes and the HCC loci appear to be evenly distributed throughout the chromosome (Additional file 6).
Core-genome sequence typing of Listeria monocytogenes
We developed a bioinformatic pipeline using the Perl programming language (LmCGST.pl, available at https://sour ceforge.net/projects/lmcgst/files/) for identifying HCC loci in genome sequence data and comparing a subject HCC to a database that has been seeded with HCC profiles calculated from 114 unique, high-quality chromosome sequences (Additional file 7). The script can take raw shortread sequence data (i.e., fastq files), contiguous sequences, closed chromosome sequences, or fully annotated ORFs as input. The software compares the subject HCC to the database and identifies the HCC profile with the fewest nucleotide differences. A file is also generated that reports on the numbers of perfect ORF matches, partial ORF matches, missing ORFs, and the numbers of SNPs, along with the identities of SNP-containing ORFs and the positions of the SNPs.
A phylogenetically relevant typing scheme was developed by grouping HCC profiles by evolutionary lineages (Fig. 1 ). Then we calculated the pairwise nucleotide distances between HCC profiles of each member of the database. We identified and grouped those HCC profiles with less than or equal to 100 base-pair differences and those with less than or equal to 10 base-pair differences. Finally, unique HCC profiles that differ by fewer than 10 nucleotides were numbered in the order that they were processed. A core-genome sequence type is, therefore, defined as a unique set of HCC sequences and subjects must be 100 % identical at the nucleotide level with no missing or partial ORFs to be considered a match to any HCC profile in the database. This typing scheme allows for the assignment of unique identifiers that specify the evolutionary relationships of subjects to members of the database within the L. monocytogenes phylogeny (Additional file 8). Finally, a phylogenetic analyses of the HCC profiles of the subject and the database are generated in order to visualize their evolutionary relationships (Additional file 9).
In order to establish the levels of genome sequence coverage necessary for accurate core-genome sequence typing, we tested the pipeline with a set of 12 L. monocytogenes strain 08-5578 Illumina short-read sequence datasets obtained from sequencing runs of varying qualities (Additional file 10 and Additional file 11). We found that de-novo sequence assemblies of at least 66fold coverage provide reliable results, with no false SNPs, missing ORFs, or partial ORFs.
In order to predict the amount of time required to run the LmCGST pipeline as the size of the database increases, we documented the amount of time necessary for the pipeline to complete the genome assembly, annotation, HCC comparisons, and phylogenetic analyses for databases containing 25, 50, and 100 randomly selected HCC profiles (Additional file 12). In addition, we estimated the amount of time required to assemble and annotate a single genome. Genome assembly with SPAdes takes approximately 2.69 h, while it takes approximately 0.09 h to perform annotation with Prokka. Although these times may change with different genomes and short-read sequence datasets, they did not increase with the size of the database (Additional file 13). For the HCC comparison and optional tree-building steps, processing times did increase with the size of the database. We fitted the amount of time necessary to perform the HCC comparisons and phylogenetic analyses to a polynomial regression model (y = 0.0015x 2 + 2.027x-6.4733 and y = 0.0631x 2 + 9.973x + 33.137, respectively). With 100 taxa occupying the database, the comparison step took approximately 0.059 h and the tree-building step took approximately 0.46 h. When we predicted processing times with 500 taxa present in the database, we estimated that it will take Fig. 1 Listeria monocytogenes high-confidence core profiles grouped by nucleotide distances. A cladogram was calculated by aligning and concatenating 1013 loci that comprise the L. monocytogenes high-confidence core (HCC) genomes of 114 taxa and analyzing the resulting alignment of 1,067,173 nucleotide positions with the Randomized Axelerated Maximum Likelihood tool (GTRCATI + 25γ). The best of 100 bootstrap replicates is shown. Nucleotide distances were measured with PHYLIP. Taxa were grouped by evolutionary lineage (I, II, or III) and those that have 100 and 10 or fewer nucleotide differences, while unique HCC profiles that differ by no more than 10 nucleotides were numbered in the order that they were processed approximately 0.38 h for the comparison step and 5.77 h to estimate the phylogeny. The total amount of time that is predicted to be necessary for the LmCGST pipeline to run with a database of 500 HCC profiles is 8.93 h, with the assembly, annotation, and comparison steps accounting for approximately 3.16 h.
Comparison of molecular typing methods
In order to compare the core-genome sequence typing (CGST) method to currently used molecular typing methods, we randomly selected 84 strains from the collection at the Listeriosis Reference Service for Canada. Then, we performed pulsed-field gel electrophoresis (PFGE) [30] with both ApaI and AscI restriction enzymes and ribotyping [7] . In addition, we generated whole-genome sequence data with an Illumina MiSeq benchtop sequencer and performed in silico multi-locus sequence typing (MLST) [8] with abcZ, bglA, cat, dapE, dat, ldh, and lhkA loci [31] and CGST (Fig. 2) . Previous studies have shown that in silico MLST analyses of nextgeneration sequence data allow for high levels of allelic identification and are highly-concordant with published and publicly available sequence types [32] . We analyzed the congruence and discriminating power of each typing method individually and in two combinations in which we analyzed ApaI and AscI PFGE together (labelled PFGE) and we analyzed ApaI, AscI, and ribotyping together (labelled PFGE + Ribo). We began by calculating the Simpson's index of diversity [33] with 95 % confidence intervals (Additional file 14) . The values for all categories range from 0.889 (Ribotyping) to 0.995 (CGST) and the data indicate that CGST has higher discriminating power than the other typing methods, either individually or combined. In addition, the data indicate that the strains randomly selected for this study are sufficiently diverse for purposes of comparing these different typing methods.
We then calculated the adjusted Wallace coefficients [34, 35] with 95 % confidence intervals [36] for the typing datasets (Additional file 15 and Table 1 ). The data indicate that the typing methods tested here are fairly congruent. For example, if two strains are identified as belonging to the same group using the CGST method, there is approximately a 65.7 % chance that they will be grouped together with PFGE or PFGE + Ribo and a 100.0 % chance they will be grouped together with ribotyping or MLST methods ( Table 1 , first row). The data also indicate that, due to the increased number of categories, the CGST method has greater discriminatory power than the other methods tested here. That is, if two strains are identified as belonging to the same group with either PFGE or PFGE + Ribo, there is a 12.0 % chance that they will be grouped together with the CGST method, 
Conclusions
Here, we have calculated a Listeria monocytogenes highconfidence core (HCC) genome which serves as the basis for an extended multi-locus sequence typing regime called core-genome sequence typing (CGST). We have shown that analysis of next-generation sequence data with CGST provides significantly increased power to distinguish isolates of L. monocytogenes relative to currently used methods of molecular characterization. Furthermore, CGST provides several advantages over other typing methods that utilize next-generation sequence data, such as the analysis of single-nucleotide polymorphisms (SNPs) or phylogenetic analysis of whole-chromosome sequence data. Recent studies have shown that SNP analyses can be problematic and can result in phylogenetic artifacts that may obscure the true relationships between isolates, whether a de-novo or reference-guided approach is used [14] [15] [16] . Theoretically, simply performing phylogenetic analysis of wholechromosome sequence data should provide the highest levels of resolution. However, differences between nextgeneration sequencing runs may introduce errors that make chromosome sequences appear more evolutionarily distant than they really are (Additional file 16 and Additional file 17). That is, phylogenetic analyses may yield branches separating taxa, due to differences between sequencing runs, when no differences between chromosomes actually exist. Although, it is possible that high sequence coverage (e.g., 155.48-fold) may reduce the numbers of differences, the CGST method is capable of accurately resolving relationships with much lower levels of sequence coverage (Additional file 10). Furthermore, accurate alignment and phylogenetic analysis of large numbers of whole-chromosomes is computationally expensive and accessible methods are currently lacking. Finally, both SNP and whole-chromosome analyses ultimately rely upon the interpretation of phylogenetic trees while keeping all of these considerations in mind. While methods that utilize next-generation sequence data can deliver increased resolution, they may lack discrete, well-defined types and may be less accessible than the typing methods they are meant to replace.
The aim of developing the extended MLST scheme presented here is to remedy the shortcomings of other methods of molecular characterization that utilize next-generation sequence data by providing discrete, well-defined groupings (types) of organisms that are phylogenetically relevant and easily interpreted. In addition, because we target 1013 HCC loci retrieved from de-novo genome assemblies, only the most reliable portions of chromosome sequence assemblies are used; regions that are common sources of error, such as gaps and repetitive regions, are avoided [37] . An additional, significant benefit of the CGST scheme is that it can be expanded in the future to include multi-copy and accessory genes, as necessary or desired, and studies correlating nucleotide differences between loci with important phenotypes can be incorporated. Furthermore, the database can be continually improved with the addition of novel HCC profiles. Thus, the CGST provides the best of nextgeneration sequence data analysis while avoiding several sources of error.
Methods

Calculation of the Listeria monocytogenes core-genome
We downloaded chromosome, gene, and protein sequence data for 29 high-quality, closed Listeria monocytogenes chromosome sequences from the National Center for Biotechnology Information (Additional file 2) [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] . Then, we used the methods of Kuenne et al. [24] to calculate the L. monocytogenes pan-and core-genomes. Briefly, we used the Basic Local Alignment Search Tool (BLAST) [23] to establish orthology by performing pairwise protein sequence alignments (i.e., all versus all BLASTp) with a minimum coverage threshold of 80 % and an identity cutoff of 60 % [24] . Sequences encoding proteins present in all 29 datasets were counted as members of the coregenome and the entire collection of sequences constitutes the pan-genome. Pan-and core-genome distributions were calculated by randomly selecting between 2 and 28 taxa randomly, with replacement and calculating 1000 times (Additional file 3).
Calculation of a high-confidence core
The high-confidence core (HCC) was calculated by identifying and removing open-reading frames from the calculated Listeria monocytogenes core-genome whose products yielded multiple hits with the all versus all pairwise alignment analysis of the 29 datasets. We then re-annotated the chromosome sequences three times with Gene-MarkS v2.8 [25] , Glimmer v3.02 [26, 27] , and Prokka v1.10 [28] . Using BLASTp with the 80 % coverage, 60 % identity cut-offs, we identified sequences present in all four datasets (NCBI, GeneMark, Glimmer, and Prokka). Finally, we performed an all versus all BLASTn analysis in order to identify genes that, when used as a query, reliably retrieve ("hit") homologous nucleotide sequences. The composition of HCC loci were compared to the total complement of genes present in the L. monocytogenes strain 08-5578 genome the by using the Clusters of Orthologous Genes database ("2003 COGs, original format") available at http://www.ncbi.nlm.nih. gov/COG/ [49, 50] to analyze the calculated 08-5578 HCC and the NCBI annotation. The Wallace coefficient measures agreement between groupings made with different typing methods. Row headers indicate methods from which two random samples were drawn and column headers identify the methods that were compared. The probabilities that two samples grouped together with one method (rows) will also be grouped together with another method (columns) are shown along with 95 % confidence intervals (parentheses) ApaI and AscI data were combined to generate the PFGE category and ApaI, AscI, and Ribotype data were combined to generate the PFGE + Ribo category (See figure on previous page.) Fig. 2 Typing data derived from 84 Listeria monocytogenes strains. Strains were selected randomly from the collection stored at the Listeriosis Reference Service for Canada. Standard typing assays, such as serotyping, AscI and ApaI pulsed-field gel electrophoresis (PFGE), and ribotyping were performed. In addition, whole-genome sequence data were generated and analyzed with in silico multi-locus sequence typing (MLST) and core-genome sequence typing (CGST)
DNA extraction, library construction, and DNA sequencing
Listeria monocytogenes isolates frozen in glycerol were streaked on pre-warmed Tryptose Agar plates and incubated at 37°C over-night. Single colonies were picked and used to inoculate 5 ml pre-warmed Brain Heart Infusion (BHI) broth and incubated over-night at 37°C with shaking (200 rpm). Then, 200 μl of the cultures were transferred to 50 ml pre-warmed BHI and incubated at 37°C with shaking for 6 h to achieve mid-logarithmic growth phase [51, 52] . Approximately 25 ml of the cultures were decanted into 50 ml falcon tubes and centrifuged at 3800 RCF for 5 min. The pellets were completely dissolved in 500 μl Tris-ethylenediaminetetraacetic acid by vortexing. We added 500 μl phenol-chloroform For the L. monocytogenes strain 08-5578 test dataset, the sample was split into four subsamples. Each subsample was indexed and sequenced as described above three separate times for a total of twelve sets of shortread sequences. These data have been deposited to the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) under accession numbers SRR1342176, SRR1342220, SRR1373524, SRR1373525, SRR1373527, SRR1373529, SRR1373530, SRR1373531, SRR1373534, SRR1373535, SRR1507228, and SRR1508282.
Core-genome sequence typing of Listeria monocytogenes
A Perl script was developed (LmCGST) that takes raw short-read (fastq), contiguous, or chromosome sequence files, identifies the high-confidence core (HCC) genome of a subject, compares the subject HCC profile to the database of HCC profiles, and generates a phylogenetic tree to illustrate the relationships of the subject to members of the database. If fastq files are provided, LmCGST assembles the reads de-novo using SPAdes v3.0.0 [53] and the BayesHammer error correction tool [54] . The resulting contiguous sequences are then annotated with Prokka v1.10 and the HCC loci are identified with bidirectional BLAST. Assemblies yielding partial (i.e., less than 60 %) or missing ORFs will generate a warning as sequence quality may be insufficient for genome-scale typing. Phylogenetic analyses are calculated with PHY-LIP by first using the "dnadist" module to calculate distances (F84 model and default settings) and then by using the "neighbor" module (Neighbor-joining with default settings) to generate the tree.
We used this script and a database originally seeded with HCC profiles calculated from 29 high-quality, closed genome sequences (Additional file 2) to analyze additional sequence data obtained from NCBI as well as data wholegenome sequence data generated as described above. A total of 14 completely unique HCC profiles calculated from the data were added to the database (Additional file 18). We also calculated HCC profiles using sequence data from 84 strains from the Listeriosis Reference Service for Canada's collection; [55] 71 strains were identified as having unique HCC profiles and were added subsequently added to the database (Additional file 18), while HCC profiles calculated from the remaining 13 datasets matched an HCC profile already populating the database (Additional file 18, asterisks).
The pipeline was run on a desktop computer with an AMD Phenom II X6 1090 T processor and 16GB of DDR3 RAM using 5 cores.
Comparison of molecular typing methods
Serotyping of Listeria monocytogenes strains was performed using commercial O-antigen Listeria antisera (Denka Seiken, Tokyo, Japan), according to the manufacturer's recommendations. Consistent with PulseNet standardized protocols, isolates were subtyped using pulsedfield gel electrophoresis with AscI and ApaI restriction endonucleases, as previously described [56] . Automated ribotyping was performed with the restriction enzyme EcoRI and the RiboPrinter Microbial Characterization System (Qualicon Inc., Wilmington, Delaware), according to the manufacturer's manual [57] . Multi-locus sequence typing was performed in silico using allele sequences and profiles downloaded from the Pasteur Institute (http://bigsdb.web.pasteur.fr/), and a custom Perl script. Finally, we used the Comparing Partitions on-line tool (http://darwin.phyloviz.net/ComparingPartitions/index.php? link=Tool) to calculate Simpson's index of diversity [33, 35] and Adjusted Wallace [34] with 95 % confidence intervals [36] .
